Atmospheric heat and moisture over land are fundamental drivers of monsoon circulations. However, these drivers are less frequently considered in explaining the development and overall intensity of monsoons than heat and moisture over the ocean. In this study, the roles of turbulent heat fluxes over land in the monsoon system over East Asia are examined using Climatic Research Unit observations and European Centre for Medium-Range Weather Forecasts reanalysis, and they are further explored using simulated sensible (H) and latent (LE) heat fluxes from an ecosystem model (Predicting Ecosystem Goods and Services Using Scenarios or PEGASUS). Changes in the H fluxes over the land during the pre-monsoon season (March-May: MAM) affect the differential heating between land and ocean, which in turn controls monsoon development. In July, an intensified contrast of the mean sea level pressure between land and ocean is observed during the years of stronger land-sea H contrast in MAM, which results in enhanced onshore flows and more rainfall over southern East Asia. After monsoon onset, the contrast of H is influenced by monsoon rainfall through the cooling effect of precipitation on surface air temperature. During the monsoon season (June-September: JJAS), LE fluxes are more important than H fluxes, since LE fluxes over land and ocean affect overall monsoon intensity through changes in the land-sea contrast of turbulent heat fluxes. Significantly increased monsoon rainfall over western East Asia is observed during the years of larger LE over the land in JJAS. In ecosystem modeling, we find that the monsoon can be weakened as potential (natural) vegetation is converted to bare ground or irrigated cropland. Simulated H fluxes in MAM and LE fluxes in JJAS over the land significantly decrease in irrigated crop and bare ground scenarios, respectively, which play crucial roles in controlling monsoon development and overall intensity.
Introduction
Monsoon is a seasonal climate interaction of the coupled Earth system including land, atmosphere, and ocean. Monsoons play an important role in health and economy across the world from the tropics to the mid-latitudes [1] [2] [3] . Differential heating between land and ocean is one of the fundamental driving mechanisms of the monsoon [4] . Several observations and modeling studies have identified the ocean variability as the primary forcing of change in monsoons [5] [6] [7] . For example, many studies have focused on investigating the relationships between the monsoon and sea surface temperature (SST) in the Atlantic [7, 8] , and Pacific and Indian Oceans [5, 6, 9] . Shanahan et al. [7] found that intervals of severe drought in West Africa, lasting for periods ranging from decades to centuries, are characteristic of the monsoon and are linked to natural variations in Atlantic SST. SST anomalies in the tropical central and eastern Pacific indirectly affect East Asian climate during the extreme phases of El * This work was partially supported by the National Aeronautics and Space Administration (NASA) and the National Science Foundation (NSF) via grants NNXO7AL21G and ATM-0628353.
Niño/Southern Oscillation (ENSO) cycles [6, 10, 11] . A significant relationship between the monsoon rainfall over India and ENSO indices is well known [9, 12] , even though the relationship has broken down in recent decades [2, 5] .
However, the changes in energy and water balances over land could also be major sources of change in monsoon systems [3] . Previous efforts have been made to examine the roles of the land surface in monsoons over West Africa [13] [14] [15] , India [16] [17] [18] , and East Asia [19, 20] . Wang et al. [15] investigated the impact of largescale oceanic forcing and local vegetation feedback on the variability of Sahel rainfall using a global biosphereatmosphere model. The simulated results indicated that biosphere-atmosphere feedback acts as a mechanism for the persistence of the twentieth century drought in West Africa. Lee et al. [20] showed that the condition of the land surface during boreal spring is as important as oceanic forcing in the formation of monsoon rainfall in East Asia. New forecast models using the observed land cover indices in addition to ocean heat sources greatly improved the predictive skill of the East Asian summer monsoon forecasting models relative to model using ocean factors alone. More recently, a sensitivity study with a regional climate model showed that representation of irrigation is critical for realistic simulation of the Indian summer monsoon circulation and associated rainfall [18] .
In this study, the contrast of turbulent heat fluxes between land and ocean from global reanalysis products, validated by land surface model products, satellite-based data, and eddy-covariance measurements, are used to examine monsoon development and intensity. The heat and moisture contrasts could play significant roles in the monsoon system by affecting the differential heating between land and ocean. We use observations, reanalysis data, and simulation modeling to investigate 1) the roles of turbulent heat fluxes in the summer monsoon over East Asia, and 2) the effects on the monsoon system due to changes in turbulent heat fluxes resulting from land cover and land management changes. The variables from observations, reanalysis, and the ecosystem modeling approach are described in Table 1 .
Several modeling studies have shown that land cover/ use changes are a major component of change in regional hydrological cycles, affecting the partitioning of net radiation into sensible and latent heat fluxes in India [21] , the Amazon Basin [22] , and the United States [23] . Also, turbulent heat fluxes in the monsoon regions may have been affected by expansion and intensification of agricultural practices [24, 25] , which can cause changes in heat and moisture transport from the land surface to the atmosphere. Recent observations suggest that there are plausible physical linkages between changes in surface heat and moisture due to vegetation and crop management and monsoon variability in India [26, 27] and East Asia [3, 20] . In this study, we estimate the potential effects of turbulent heat flux changes on the monsoon over East Asia using land cover and land management scenarios through a series of ecosystem model simulations. We examine the changes in the turbulent heat fluxes due to conversion of potential (natural) vegetation to bare ground or irrigated cropland.
We consider the monsoon over East Asia, which is located in a mid-latitude region (Figure 1(a) ). The monsoon is strongly driven by lower-level winds from the ocean to land during boreal summer that are due to a pressure gradient related to differential heating of the atmosphere over land compared to the ocean. In addition, the monsoon region has experienced human-induced changes in land cover and land use management over the last couple of centuries [3, 19] . Recently, changes in land use from increasing irrigation have been reported in the Indian subcontinent and eastern Asia [24] . Therefore, the East Asian region is appropriate for studying the relationships between monsoon activity and changes in land cover and land management.
Data and Methodology

Observational and Reanalysis Data
Surface sensible (H) and latent (LE) heat fluxes are obtained from the European Centre for Medium-Range Weather Forecasts reanalysis (ERA40) [28] . In order to evaluate ERA40 heat fluxes, we use the surface heat fluxes from the Global Soil Wetness Project 2 (GSWP-2) [29] for the fluxes over land, and Objectively Analyzed Air-sea Fluxes (OAFlux) [30] for the fluxes over ocean. GSWP-2 is the multi-model analysis of land surface state variables and fluxes that combines the simulations of more than a dozen different global land surface models [29] . The surface fluxes output data from GSWP-2 have been used as the best estimate of "truth" in numerous global and regional climate-modeling studies [31] . The OAFlux project improves the estimates of global oceansurface heat fluxes by utilizing the best possible surface meteorological variables and the best possible bulk algorithm [30] . The GSWP-2 product is available globally over land on a regular 1˚  1˚ grid for a 10-year period from January 1986 through December 1995. The OAFlux project provides near-realtime 1˚  1˚ global analysis for the turbulent heat fluxes from January 1958 onward, but satellite-based products from OAFlux are available from January 1985 [30] . Also, satellite wind retrievals are available from July 1987 onward, and satellite air humidity covers the period between July 1987 and December 2000. In this study, we use the H and LE fluxes from OAFlux data for 1988-2000, and those from GSWP-2 for 1986-1995 to evaluate ERA40 heat fluxes in Section 3. Mean sea level pressure (MSLP) and 850 hPa u-and v-wind components from ERA40 are used for corroborating the heat fluxes as indicators of monsoon development and intensity. Observed surface air temperature and precipitation are obtained from the monthly climate time series and 30-year climatology (1961-1990) datasets of the Climatic Research Unit (CRU TS 2.0) [32] . Land (30˚N -50˚N and 110˚E -145˚E) [11] and ocean (5˚N -30˚N and 110˚E -145˚E) regions used in this study are defined using MSLP and lower-level winds during boreal summer and winter (Figure 1(a) ). During summer, winds are from ocean (high pressure) to land (lower pressure) as shown in Figure 1 
Ecosystem Model Simulations
Predicting Ecosystem Goods and Services Using Scenarios (PEGASUS) is used in model simulations. PEGA-SUS is an ecosystem model developed at the Center for Sustainability and the Global Environment (SAGE) at the University of Wisconsin, Madison [33, 34] . Deryng et al. [34] described PEGASUS and evaluated the model against present-day data. They estimated the role of climate and agricultural management practices on global crop yield using PEGASUS. West et al. [33] used PE-GASUS to estimate the surface energy and water balance, and how it is affected by changes in land cover. In PEGASUS, the net radiation (R net ) determines the energy available for H and LE fluxes to the atmosphere. The LE fluxes are calculated following the Penman [35] and Priestley-Taylor [36] formulations of energy balance/ water balance coupling, using a modified approach developed by Ramankutty et al. [37] and Gerten et al. [38] . The H fluxes are calculated by surface energy balance (H = R net -LE), assuming that heat storage in vegetation and soils is negligible on the time scales studied. Net primary production (NPP) of biomes is simulated using a light use efficiency (LUE) approach. PEGASUS runs on a daily time step (with hourly subsets to estimate some key water and energy balance terms) forced with surface air temperature, sunshine fraction and precipitation from the 1961 to 1990 CRU 30-year climatology (CRU CL 2.0) [39] . We use a spatial resolution of 10′  10′, equating to ~ 0.167˚  0.167˚ for model simulations. PEGASUS does not include an ocean component, so we use H and LE fluxes only over the land in the monsoon region to estimate the potential impacts of land cover and land management changes on the monsoon system.
We perform three land cover/use scenarios using 60-year equilibrium simulations, discarding the first 30 years as spin up from each simulation. The model experiments are potential vegetation (PV), bare ground (BG), and irrigated crop (IR) scenarios. Potential vegetation is defined as the vegetation that would exist in a location in the absence of anthropogenic land use change [40] . Therefore, the PV scenario is used as the control condition, and the BG and IR are two experimental treatments of land cover and land management changes.
We change five parameters in PEGASUS to simulate the BG condition: albedo (modified from 0. , and etrans: 4.5 mm/day) to simulate the landscape of representative croplands [41] . The key aspects of irrigation in a modeling framework are the irrigation onset (when to irrigate), amount (how much to irrigate), and the method (e.g., rain, spray, drip, and rate) [42] . In our simulation, irrigation is scheduled when relative soil moisture content (top 20 cm) falls below saturated water content during the growing season (defined as days with daily mean temperature greater than 5˚C). We use 0.47 m 3 /m 3 as the threshold of saturated water content to simulate compatible irrigation amounts of water added through irrigation, as in Sacks et al. [43] . They simulated irrigation amounts based on national-level census data, disaggregated to the model's resolution using maps of croplands, areas equipped for irrigation, and climatic water deficit [44] . In the irrigation schedule, we add the deficit in soil moisture directly to daily soil moisture (top 20 cm) in each time step to produce fully saturated conditions with an irrigation event. The deficit is water demand for increasing the soil moisture content up to 0.5 m 3 /m 3 . After irrigation, the soil dries out until soil moisture content falls below 0.47 m ability of turbulent heat fluxes and monsoon activity using observed and reanalysis datasets in order to understand how the monsoon system is related to the contrasts of turbulent heat fluxes between land and ocean.
Comparisons of Reanalysis Data with Observations
We compare monthly mean H and LE fluxes from ERA-40 reanalysis averaged only over land or ocean in the monsoon region with those from GSWP-2 for land and OAFlux for ocean. Correlation coefficients are calculated based on monthly time-series of 1986-1995 for r values of ERA40 with GSWP-2, and 1988-2000 for ERA40 with OAFlux. The surface heat fluxes from ERA40 are significantly correlated with those from GSWP-2 and OAFlux in the monsoon region (all r values > 0.9), and annual cycles of H and LE fluxes from ERA40 are consistent with those from GSWP-2 and OAFlux (Figure 2) . In addition, we compare the surface heat fluxes from ERA40 with those from the FluxNet site in Takayama, Japan (cool temperate deciduous forest) [45] . Monthly mean H and LE fluxes averaged from the half-hourly eddy-covariance measurements are compared with the ERA40 monthly heat fluxes over the latitude and longitude of the site (36˚08N and 137˚25E) 
Role of Sensible Heat Flux during the Pre-Monsoon Season
The contrast of H from land to ocean is positive during the pre-monsoon and monsoon seasons and it is largest in May (Figure 3(a) ). The pre-monsoon H contrast can affect the differential heating between land and ocean, and therefore it might be an important driver of the monsoon. The differential heating can lead to the contrast of surface pressure from land to ocean, which causes the monsoonal wind flows during summer (onshore: ocean to land). For example, the annual cycle of H contrast is inversely correlated to that of MSLP contrast from land to ocean (r = -0.85) with a strong lag correlation of H con-trast lead by two months with MSLP contrast during the pre-monsoon and monsoon seasons (r = -0.91) (Figure 3(a) ). More heating over the land during the pre-mon-soon season leads to lower MSLP over the land compared to the ocean as shown in negative values of MSLP contrast during the monsoon season. Thus, the contrast of H during the pre-monsoon period may affect the conditions of monsoon development through a change in MSLP contrast between land and ocean, which is one of the key drivers of the monsoon. During the years of larger land-sea H differences in MAM, the contrast of MSLP is larger than normal years (30-yr climatology) (Figure 3(b) ). In July, a month of the largest negative in MSLP contrast from land to ocean, MSLP contrast is larger during the years of stronger H contrast in MAM (-5.59 hPa) than normal years (-4.16 hPa). So, the intensified pressure contrast between land and ocean affects more monsoon rainfall in July and August compared to normal years (Figure 3(b) ). Figure 4 (a) shows the differences of MSLP (shaded) and 850 hPa wind vectors for July between the composite 5 years of highest and of lowest contrast of H in MAM. When a stronger land-ocean contrast of H in MAM exists, stronger onshore flows from South China Sea and western North Pacific to southern East Asia in July are found due to a larger contrast of surface pressure between land and ocean. Increased contrast in MSLP, due to positive differences of MSLP over the ocean and negative differences over the land, causes intensified onshore flows, which are coincident with a larger contrast in H during the pre-monsoon season. The enhanced monsoon flows lead to an increase in July monsoon rainfall over southern East Asia (Figure 4(b) ), which is affected by stronger onshore flows. Thus, changes in the land-ocean H contrast during the pre-monsoon season are correlated with changes in early monsoon activity. 
Role of Latent Heat Flux during the Monsoon Season
More than 60% of annual precipitation occurs during the monsoon season (JJAS) in East Asia (Figure 1(c) ). After monsoon onset, therefore, the contrast of H is controlled by monsoon rainfall through the cooling effect of precipitation on surface air temperature. Significantly lower surface air temperature over the land in northern East Asia during the years of strong monsoon rainfall demonstrates the cooling effect (Figure 5(a) ). Positive temperature differences in southern East Asia are probably related to an increase in July monsoon rainfall due to a stronger land-ocean thermal difference as explained in the previous section. On the other hand, monsoon systems after onset may be more strongly driven by the contrast of LE, via a positive feedback between the LE contrast and rainfall enhancement by LE fluxes over the land. More rainfall in the monsoon region is observed during the years of larger LE over the land and smaller LE over the ocean for June through September, which contribute to a larger land-sea turbulent heat flux difference. For example, significantly positive composite differences in JJAS rainfall are shown over western East Asia (Figure 5(b) ). Some significant negative differences in Japan could be related to a decrease in rainfall due to a smaller LE in the adjacent ocean. In addition, we calculate monthly lag correlations between LE over the land (lead by one month) and rainfall in East Asia during the monsoon season, and the highest correlation is found between LE in August and rainfall in September (r = 0.42; P < 0.02).
Using observational and reanalysis datasets we find that sensible and latent heat fluxes during the pre-monsoon and monsoon periods affect early monsoon development and monsoon intensity during the monsoon season, respectively. We explore the impacts of land cover and land management changes on the monsoon system based on the observed findings, below.
Potential Impacts of Land Cover and Land Management Changes on the Monsoon System
We estimate the potential changes in the monsoon system due to the effects of land cover and management changes on turbulent heat fluxes using three modeling scenarios. In a BG scenario, total annual NPP is decreased by 95.8% in the East Asian monsoon region. However, in an IR scenario, NPP is increased by 17.2% in the monsoon region.
Comparisons of Simulated Heat Fluxes with ERA40 Reanalysis
To compare the heat fluxes from PEGASUS with those from the 1961-1990 ERA40 time series, we force the model using specific years of the 1961 to 1990 CRU monthly time series (0.5˚  0.5˚) of surface air temperature and precipitation regridded to the model spatial resolution (~ 0.167˚  0.167˚). While sunshine fraction data are available only in the long-term average, the time series of the period 1961-1990 is available for temperature and precipitation. Subsequently, we run the model with temperature and precipitation from different years, but with the climatological sunshine fraction. The last 30-year mean from each 60-year simulation is used as one-year of a 30-year time series. Thirty-year time series of seasonal means of H and LE fluxes from the model are compared with those from ERA40 over the land in the monsoon region. H for the pre-monsoon (MAM) and LE for the monsoon (JJAS) seasons from PEGASUS averaged over the monsoon region reasonably estimate those from ERA-40 (r = 0.38; P < 0.05 and r = 0.66; P < 0.01 for H and LE, respectively).
Bare Ground (BG) Scenario
In the BG scenario, H decreases in MAM and LE decreases in JJAS in the monsoon region. For example, spatially averaged H fluxes over East Asia decrease (from 50.4 to 45.4 W/m 2 ) when replacing the potential vegetation (evergreen/deciduous mixed forest) with bare ground (Figure 6(a) ). Sensible heat decreases by approximately 30 W/m 2 in mountainous regions in northern North Korea, central and northern Japan, and SikhoteAlin in Russia. In the boreal and temperate forest areas, removing forests cools air temperature in winter and spring, because boreal trees have a lower surface albedo compared with snow-covered ground [46] . However, decreased turbulent heat fluxes are mainly due to a decrease in LE by 28.9 W/m 2 (from 79.1 to 50.2 W/m 2 ) (Figure 6(b) ). The decrease in H flux as part of the BG scenario (7.9 % decreases as compared to the H fluxes in PV) is small compared to LE flux decreases (36.6 % decreases as compared to the LE fluxes in PV). After converting land cover from the potential vegetation to bare ground, the monsoon over East Asia could be weakened mainly due to a decrease in LE fluxes during the monsoon season.
Irrigated Crop (IR) Scenario
In the IR simulation, five parameters are changed differently from the BG scenario, especially the fractional vegetation cover ( ). We calculate the water added by irrigation, averaged over the East Asian monsoon region. Annual irrigation amounts of 60.5 mm/year are comparable to those of 59.8 mm/year found by Sacks et al. [43] . Simulated turbulent heat fluxes in IR scenarios decrease mainly due to decreased H in MAM (9.0 % decreases as compared to the H fluxes in PV) (Figure 6(c) ). However, changes in LE in JJAS are minimal, with a small decrease (2.9% decreases as compared to the LE fluxes in PV) (Figure 6(d) ). The decrease in the LE fluxes may be due to the fact that irrigation is simulated after converting potential vegetation to grassland. It means that increasing LE from irrigated water is offset by decreasing LE from removed forests. A more than 10 W/m 2 decrease of H in MAM is shown in croplands (converting from evergreen/deciduous mixed forest) in eastern China (Figure 6(c) ), where more than 50% of the land surface was equipped for irrigation by around the year 2000 [24] . After converting land cover and changing land management from potential vegetation to irrigated crops, monsoons could be weakened, and changes of H in MAM play a dominant role in controlling monsoon under the irrigation scenario.
Conclusions and Remarks
We find that the contrast of H from land to ocean during the pre-monsoon period (MAM) plays an important role in monsoon development, and that land-ocean LE differences during the monsoon season (JJAS) modulate the overall intensity of monsoon rainfall in East Asia. The series of composite analyses using observational and reanalysis data show that a stronger land-sea H contrast in MAM helps monsoon development, which leads to the intensified pressure contrast from the enhanced differential heating between land and ocean. In southern East Asia, stronger onshore flows and more rainfall in July are observed, which is related to the increased differences of mean sea level pressure between land and ocean, during the years of stronger contrast of H in MAM. During the monsoon season, the land-ocean H contrast is controlled by the cooling effect of rainfall on surface air temperature, and the LE contrast plays a dominant role in controlling monsoon intensity. Significantly increased rainfall is observed over western East Asia during the years of larger LE over the land in JJAS that could in turn make the land-sea contrast of turbulent heat fluxes stronger.
Potential effects of changes in turbulent heat fluxes due to land cover/land management changes on the monsoon over East Asia are estimated using three different scenarios in PEGASUS: potential vegetation, bare ground and irrigated crops. In the bare ground case, LE over the land in JJAS decreases compared to the potential vegetation case, which could result in decreasing the contrast of turbulent heat fluxes from land to ocean during the monsoon season, thus probably reducing the monsoon forcing. After converting to bare ground, H in MAM over East Asia decreases, but the changes are small compared to changes of LE in JJAS. So, the weakening of monsoon is expected in a bare ground scenario mainly due to decreasing LE over the land in JJAS. This result is consistent with the simulated result from regional integrated modeling using potential and current vegetation, which is that the human-induced land cover changes have modified the monsoon circulation over East Asia and weakened the summer monsoon [19] . Both H in MAM and LE in JJAS also decrease in an irrigated crop simulation, but the change of H in MAM is larger than that of LE in JJAS. Decreasing H in MAM by irrigation leads to a decrease in the differential heating and thereby a decrease in pressure differences between land and ocean, and might weaken monsoon development. Weak early summer monsoons during years of increasing irrigation in India have been detected in an observational study [27] . Thus, the changes in land cover and land management by bare ground and irrigated crop scenarios can impact the monsoon system by altering turbulent heat fluxes over the land during the monsoon and pre-monsoon seasons. Both scenarios could make the monsoon weaker by weakening both the H fluxes over the land in MAM for an irrigated crop and the LE fluxes over the land in JJAS for bare ground.
We recognize several limitations in our results. First, the turbulent heat fluxes from the ERA40 reanalysis are model-based, although it estimates the heat fluxes from the multi-model and observed products reasonably well in the East Asian monsoon region as noted in Section 3. Long-term surface heat fluxes from observational measurements located in the monsoon region are required to establish firmly the roles of turbulent heat fluxes in the monsoon system. Second, we use the turbulent heat fluxes simulated by PEGASUS with energy and water balances, which could be more realistic than the heat fluxes from the general circulation models with a parameterization using the bulk aerodynamic formulas. However, PEGASUS doesn't include an ocean component, so to fully understand the feedbacks between turbulent heat fluxes and monsoons, a coupled land-atmosphere-ocean model including realistic calculations of turbulent heat fluxes is needed. Finally, more realistic scenarios based on the observed land cover and land management practices are also needed to verify the impacts of changes in turbulent heat fluxes by bare ground and irrigation scenarios on the monsoon system shown in this study.
Understanding of the feedbacks between precipitation and land surface conditions may yield clues for prediction of seasonal as well as inter-annual variations of monsoon rainfall [47] . Thus, the roles of turbulent heat fluxes in the monsoon system identified in this study could be applied to improve the predictive skill of monsoon forecasting, which is still a recognizable problem in climate studies. For example, the contrast of sensible heat flux in the pre-monsoon season could be used to enhance the predictability of monsoon precipitation. An improved monsoon prediction algorithm could increase the safety and security for billions of people in the monsoon regions including West Africa, India, and East Asia. In addition, the simulated weakening of turbulent heat fluxes due to the human-induced land use changes (e.g., deforestation and irrigation) suggests that the expansion and intensification of land use lead to a weakening of monsoon rainfall and correspondingly cause an increasing demand for water. Thus, agricultural and forest agencies in the monsoon regions should be aware of the plausible effects of land use changes on water scarcity and demand when they make land use policy.
Acknowledgements
We wish to thank Nobuko Saigusa of the Center for Global Environmental Research, National Institute for Environmental Studies, Tsukuba, Japan for providing us with the eddy-covariance data at the Takayama FluxNet site, and Thomas Chase in the CIRES at the University of Colorado, Boulder for reading the manuscript.
